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Abstract 
We experimentally analyze different growth regimes of Ti thin films associated to the existence of 
kinetic energy-induced relaxation mechanisms in the material’s network when operating at oblique 
geometries. For this purpose, we have deposited different films by evaporation and magnetron 
sputtering under similar geometrical arrangements and at low temperatures. With the help of a 
well-established growth model we have found three different growth regimes: i) low energy 
deposition, exemplified by the evaporation technique, carried out by species with typical energies 
in the thermal range, where the morphology and density of the film can be explained by solely 
considering surface shadowing processes, ii) magnetron sputtering under weak plasma conditions, 
where the film growth is mediated by surface shadowing mechanisms and kinetic-energy relaxation 
processes, and iii) magnetron sputtering under intense plasma conditions, where the film growth is 
highly influenced by the plasma, and whose morphology is defined by nanocolumns with similar tilt 
than evaporated films, but with much higher density. The existence of these three regimes explains 
the disparity of morphologies of nanocolumnar Ti thin films grown at oblique angles under similar 
conditions in the literature. 
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The growth and characterization of nanocolumnar porous thin films have been the subject of 
intense research in the last years due to the wide range of applications based on them, e.g. in optics, 
biomedicine, sensors, microfluidics, LED fabrication, etc. [1-8]. These films have been classically 
deposited by the evaporation technique at glancing angles, which allowed the control of different 
microstructural features such as specific surface, density, pore distribution, pore connectivity, etc. 
[9-11]. Under this configuration, the deposition reactor is arranged to promote the arrival of 
sublimated species at a substrate along an oblique preferential direction, inducing surface 
shadowing processes and the formation of tilted nanocolumnar structures [12]. Remarkably, the 
implementation of this geometrical arrangement in magnetron sputtering reactors, the so-called 
magnetron sputtering at oblique angles (MS-OAD), has significantly widen the nanostructural 
possibilities of the technique, obtaining from dense and compact films to porous nanocolumnar 
arrays or even sponge-like structures, depending on the deposition conditions [13-18]. Yet, typical 
kinetic energies of deposition species in evaporation and magnetron sputtering are rather different, 
with values below 0.1 𝑒𝑉 in the former and up to few tens eV in the latter, which may have a 
profound influence on the film growth and the nanostructural development [19, 20]. For instance, 
we showed that the low kinetic energy of evaporated atoms and their sustained proximity to the 
film surface at oblique geometries, previous to their deposition by the evaporation technique, made 
their movement in the gas phase deviate from straight trajectories, in a process dubbed Surface 
Trapping Mechanism. In reference [21] we demonstrated that the efficiency of this process ranged 
from 0 for metals to 1 for some oxides such as SiO2 or Ta2O5, and that it strongly affects the features 
and tilt angle of the nanocolumnar structures [22]. Conversely, when the kinetic energy of 
deposition species is above the binding energy of surface atoms (typically few eV), atomic mobility 
processes can be triggered at the landing point, preferentially in the direction of the lineal 
momentum, by means of so-called hyperthermal (HT) relaxation mechanisms [23-26]. Interestingly, 
little is known on the role of HT processes at oblique geometries and their influence on the 
nanocolumnar growth and density of the films, which has motivated this work. For this, we have 
deposited Ti thin films by evaporation and MS-OAD and analyzed the results under the light of a 
well-tested growth model. We have chosen Ti as a reference material for several reasons: i) as a 
metal, the surface trapping processes can be neglected, which simplifies our study and the direct 
comparison between films, ii) its melting point is rather high, thus the role of thermally activated 































































processes can be minimized when the growth takes place at room temperature, iii) there are 
numerous studies in the literature on MS-OAD of Ti which provide enough casuistic to validate our 
results in different deposition conditions and reactor geometries, and iv) there are some 
contradictory results in the literature regarding the growth of Ti thin films and the features of the 
nanocolumnar structures, which could be explained under the light of the results presented herein. 
The existence of HT processes in the nanocolumnar growth of thin films by MS-OAD was 
experimentally proven in ref. [27]. In that publication, we deposited Ti thin films at oblique angles 
and at room temperature, finding slightly tilted columnar structures (their tilt angle with respect to 
the surface normal, 𝛽, was 𝛽~20º for an incident angle of the deposition flux, 𝛼 = 80º). There, we 
deduced that HT processes were responsible for a so-called dragging mechanism, by which kinetic 
energy-induced atomic displacements in the film network compensate the natural tilt of the 
columnar structures towards the incoming flux of deposition species, making them more vertical. 
Based on a simple model that accounted for these processes (surface shadowing and HT processes), 
the growth of the film was simulated, finding nanostructures that accurately predicted the tilt angle 
of the nanocolumns and the film density under numerous deposition conditions. Remarkably, the 
solutions of the model in the absence of HT processes reproduced quite well the highly tilted 
columnar structures observed in evaporated Ti thin films under a similar geometrical arrangement, 
with 𝛽~50º. These results, however, contrast with others in the literature regarding the growth of 
Ti nanocolumns by MS-OAD, as it seems that similar geometrical configurations in the deposition 
reactor may lead to different nanocolumnar structures: in ref. [28], for instance, it was found that 
the tilt angle of Ti nanocolumns deposited by MS-OAD with 𝛼 = 80º was 𝛽~50º, i.e. similar to the 
value obtained by evaporation, and quite far from the value reported in ref. [27] (𝛽~20º). 
Moreover, in ref. [29] it was found that the so-called Tangent Rule, an empirical equation that has 
been used to describe the relation between 𝛼 and 𝛽 for evaporated films, was valid for MS-OAD of 
Ti thin films, which agrees with the results in ref. [28], suggesting that HT processes were not 
relevant in MS-OAD. This controversy was more evident in ref. [30], where nanocolumnar Ti thin 
films were grown by MS-OAD for biomedical applications in two different deposition reactors 
finding two different nanostructures: highly vertical nanocolumnar structures, resembling those in 
ref. [27], and highly tilted nanocolumnar structures, very similar to those reported in ref. [28], 
respectively, in an apparent contradiction that has not yet been explained. The main difference 
among these two later cases was the value of the electromagnetic power per unit area employed 
to maintain the plasma discharge. In order to clarify this issue, in this paper we analyze the influence 































































of the electromagnetic power (for simplicity reasons, from now forth we will use the term power) 
on the growth of nanocolumnar Ti thin films and compare the results with those obtained by the 
evaporation technique and the predictions of the model developed in reference [27], both in the 
presence and in the absence of HT processes.  Based on this analysis, the apparent controversy on 
the growth of Ti thin films by MS-OAD can be explained, and relevant conclusions can be drawn on 
the influence of kinetic energy-induced mechanisms on the growth of nanocolumnar Ti thin films at 
oblique geometries.  
 
Experimental Setup 
Ti thin films were grown in a vacuum reactor using the magnetron sputtering technique in the 
deposition setup shown in figure 1a. A 7.5 𝑐𝑚 diameter titanium target was employed, placing the 
substrate holder at a distance of 7 𝑐𝑚. A collimator made of aluminum with a 2 𝑐𝑚 base length and 
20º angular aperture, already described in ref. [31], was employed to cover the 1 𝑐𝑚 × 1 𝑐𝑚 
substrates. The substrate holder was grounded and tilted 95º with respect to the target surface to 
achieve an average incidence angle of deposition species at the substrate of 𝛼 = 80º [29]. As shown 
in ref. [31], the collimator inhibits the deposition of a large number of low energy atoms that may 
arrive at the film surface from random directions, and only allows the deposition of relatively high 
energy ballistic species steaming from a very narrow part of the racetrack, which effectively acts as 
a nearly punctual source of deposition species. In figure 1b we show a labeled photograph of our 
system. The electromagnetic power generator was set in DC mode, with the power ranging from 
25 𝑊 to 400 𝑊. The base pressure of the deposition reactor was 7 × 10−4 𝑃𝑎. Argon was 
employed as sputter gas, with a pressure of 𝑝𝑔 = 0.15 𝑃𝑎. Data on the current and target potential 
appears in Table I, where it is shown that the target voltage changed very weakly with power, from 
289 𝑉  to 316 𝑉, while the current varied from 0.09 𝐴 to 1.26 𝐴. Deposition time in each case was 
set to obtain films with thicknesses around 300 𝑛𝑚. Substrate temperature was measured in the 
inner side of the collimator in all the cases (c.f. Table I). Yet, in one case, the substrate was 
intentionally heated up to 150 º𝐶 to check the influence of substrate temperature on the columnar 
morphology. Ion flux towards the film was measured using an energy-resolved mass spectrometer 
(EQP 500, Hiden Analytical Ltd), that measures the mass and energy of plasma ions.  The orifice of 
the spectrometer (0.05 mm of diameter) was positioned at a distance of 70 mm from the center of 
the target, at the same location where the substrates were placed during the deposition. Moreover, 































































for comparison purposes, a Ti thin film was deposited by electron beam-assisted physical vapor 
deposition (i.e. by the evaporation technique) at a zenithal deposition angle of 80º using the 
experimental set-up described in ref. [21]. Field Emission Scanning Electron Microscopy (FESEM) 
images were recorded using a Hitachi S4800 microscope at the Instituto de Ciencia de Materiales de 
Sevilla (CSIC-US, Seville, Spain) as regular scanned images and as snapshots to avoid any signal drift 
during measurement. Rutherford Backscattering Spectroscopy (RBS) was employed to assess the 
number of atoms per unit area of the films. Experiments were carried out in the 3 MeV tandem 
accelerator of the National Center for Accelerators (Seville, Spain) with a beam of 1.5 MeV alpha 
particles and a passivated implanted planar silicon (PIPS) detector located at 165º scattering angle, 
with accumulated doses about 1.5 μC, and ~1 mm beam spot diameter. The RBS spectra were 
simulated with the SIMNRA code [32], and the film density was calculated by dividing the number 
of atoms per unit area by the film thickness, as in ref. [27]. Moreover, to avoid any miscalculation 
on the film thickness, it was specifically measured at a position next to the spot of the RBS 
measurement on the samples’ surface.  
 
Results and Discussion 
In figure 2 we show cross-sectional images of few selected Ti thin films grown for increasing values 
of power. As expected, films depict well-defined tilted nanocolumnar structures with 𝛽 ranging from 
34º to 50º, demonstrating a direct dependence between 𝛽 and power. This relation has been 
depicted in figure 3a for all the cases gathered in Table I (the dashed curve in figure 3a is included 
to guide the eyes). Moreover, in figure 3b we show the values of the relative density of these films 
as a function of power, finding again a transition from ~30% to ~45% when the power varies from 
25 to 400 𝑊. To further understand this dependence we have deposited a Ti thin film by 
evaporation under similar geometrical conditions, i.e. with 𝛼 = 80º, also displayed in figure 2, 
where we determine the value 𝛽 = 52º, included in figure 3a. Remarkably, and despite the 
fundamental differences between techniques, the tilt angle of the nanocolumns is rather similar in 
evaporation and in MS-OAD at high powers in figure 3a. Yet, it is noteworthy that column diameter 
seems to be much larger in evaporation (note the different magnification scales in the cross section 
images reported in figure 2), suggesting that the governing processes in either situation must be 
very different. This becomes evident in figure 3b, where we have also included the relative density 































































of the evaporated film, which differs by factor around 2 with respect to the MS-OAD films grown at 
higher powers (~45% and ~21%).  
To shed some light on the growth mechanisms involved under each experimental condition, we 
have solved the model in ref. [27] in two different scenarios: i) when HT relaxation mechanisms are 
included, and ii) when they are excluded. The results of these simulations are depicted in figure 4, 
where we can clearly notice the appearance of columnar structures with 𝛽 = 30º when HT 
processes are taken into account.  This nanostructure resembles that in ref. [27] and agrees with 
the reported value of 𝛽 at the lowest power (results of the model are depicted as straight solid lines 
in figure 3a). Moreover, in the absence of HT processes, the tilt angle of the structures, 𝛽 = 49º, 
matches relatively well that obtained by MS-OAD at high powers, as well as by evaporation. 
Incidentally, the value of the density predicted by the model in the absence of HT processes matches 
quite well with that of the film grown by evaporation (see figure 3b), while it clearly fails to describe 
that of the high power cases. This good agreement between the model in the absence of HT 
processes and the features of the evaporated Ti film demonstrate that surface shadowing 
mechanisms are enough to explain main morphological features (column tilt angle and film density) 
of this film. To our knowledge, this is the first time in the literature that this conclusion has been 
quantitatively demonstrated. Moreover, the results of the model when the HT processes are 
included reproduce fairly well the tilt angle (figure 3a) and density (figure 3b) of the film grown by 
MS-OAD at the lowest power, pointing towards the dominance of HT and surface shadowing 
mechanisms during growth under these conditions. Remarkably, for increasing values of power, the 
nanostructural features of the films are not well calculated by the model, neither with nor without 
HT processes, demonstrating the existence of profound changes in the growth mechanisms. This 
can be clearly appreciated in figure 5, where we have plotted the value of 𝛽 as a function of the 
relative density of the films in either case and where we have included the three different growth 
regimes discussed above: i) low energy deposition, exemplified by evaporation, where surface 
shadowing governs the film growth, ii) MS-OAD under a weak plasma influence (low power), where 
HT relaxation processes compete with surface shadowing to generate the columnar microstructure, 
and iii) MS-OAD under an intense plasma influence (high power), where surface shadowing and HT 
processes are not enough to explain all nanostructural features of the films.  
The atomistic processes governing the nanostructuration process by MS-OAD at high powers are 
quite puzzling. Regarding the results above, it is unlikely that HT processes become inhibited when 































































solely increasing the power: according to the Thompson formula the energy distribution of 
sputtered species from the target mainly depends on the binding energy of target atoms and, thus, 
the energy distribution of sputtered species should be almost independent of power [19]. Yet, the 
difference in masses between Ar ions and Ti atoms may produce certain deviations from the 
Thompson formula, and a dependence of the energy of sputtered species on the sputter ion energy 
(i.e. with the target potential) is possible [19]. Nevertheless, and according to Table I, higher power 
values mainly produced an increase of the plasma current in our conditions, being the target 
potential (sputter ion energy) rather constant in all the cases. That is why, in the conditions studied 
in this paper, we rule out any relevant influence of power on the energy distribution of sputtered 
species and on the existence of HT processes. 
Another additional mechanism that might be responsible for the reported transition from low to 
high powers can be associated to the existence of thermally-induced mobility processes, due to 
higher deposition rates and the progressive heating of the plasma gas for increasing powers [20]. 
However, all the films were grown at relatively low temperatures (c.f. Table I), defining an 
homologous temperature  (film temperature divided by the melting temperature of the material) 
below 0.2 in all the cases, which, according to the Thornton Structure Zone Model, points to a 
negligible role of thermally induced relaxation processes [33, 34]. To experimentally check this 
conclusion we have deposited a film under same conditions as before, using a power of 100 W, but 
imposing a substrate temperature of 150 º𝐶. The cross-sectional view of this film appears in figure 
6, where we can notice the existence of tilted nanocolumnar structures with 𝛽 = 38º and a density 
of 35% (values included in figure 3a-b and 5), very similar to those found when the growth was 
carried out at low temperature. This means that an increase of temperature up to 150 º𝐶 affects 
very little the film morphology. Moreover, depositions of Ti under similar geometrical conditions at 
higher substrate temperatures, up to ~500 º𝐶 , were carried out in ref. [28], where it was obtained 
that thermally activated processes induce a more vertical columnar growth, i.e. a behavior opposite 
to what we find in figure 3a when increasing the power. Consequently, and based on these 
evidences, we rule out any relevant influence of thermally activated processes in the reported 
transition with power in figures 3a-b.  
The increase of deposition rate with power may also be responsible for the reported structural 
changes: usually it is relevant whenever the typical arrival time is in the same order of magnitude of 
the typical relaxation time of atoms on the film surface per unit time and area. In figure 7a we show 































































the Ti deposition rate as obtained by RBS as a function of power, where we find a rather linear 
dependence. Even though thermally activated relaxation mechanisms have been shown to be 
negligible in our conditions, we cannot disregard the existence of HT relaxation processes on the 
film surface. Therefore, we cannot rule out that an increase of deposition rate with power can be 
responsible for the reported changes in figures 3a-b. Moreover, an additional effect that might 
explain the transition with power relies on the existence of higher energy fluxes in the plasma 
towards the film [23], e.g. ion current, flux of excited species in metastable states, flux of reflected 
high energy neutrals, etc., which might interact with the film surface during growth. To illustrate 
this behavior, in figure 7b we show the flux of Ar+ ions towards the film as obtained by the mass 
spectrometer as a function of power, which increases almost linearly, likewise the deposition rate 
(figure 7a). These values agree with ref. [35], where the energy fluxes towards the film were 
measured and where it was demonstrated that, in the case of Ti, the dominant flux was associated 
to the radiation emitted from the target. These energy fluxes may indeed affect the atomistic 
processes during growth differently, bur their analysis in detail and their influence on the atomistic 
aggregation process are beyond the scope of this paper. That is why, and until further explication is 
found on the atomistic processes responsible for triggering such transition with power, we have 
decided to label each regime according to the existence of a weak or an intense plasma, instead of 
using any other power-related quantity such as the deposition rate or the ion current for instance. 
In ref. [36] Shaginyan et al. proposed that under certain energetic plasma/film interaction 
conditions, the first monolayers of the growing film form a metastable hot thin solid layer that alters 
the way atoms incorporate into the film, from classic gas → solid mechanism to gas→liquid→solid 
paths, in a phenomenon that cannot be ruled out under the studied conditions and that could 
change the nature of the HT relaxation mechanisms. In any case, it is remarkable that the growth 
under intense plasma conditions produces nanocolumnar structures as tilted as those produced by 
evaporation. This explains why models that only consider the shadowing mechanism have been able 
to accurately predict the tilt angle of the nanocolumnar structures grown by MS-OAD or why the 
Tangent Rule [21], a typical relation employed in evaporation relating 𝛼 and 𝛽, is valid in MS-OAD 
in some conditions. However, as we have demonstrated in figure 5, this agreement is limited to the 
tilt angle of the nanocolumns, whereas the accurate description of any other morphological feature, 
such as the film density, requires the introduction of kinetic energy-induced or plasma-induced 
processes. These results also explain the diversity of the experimental data in the literature 
regarding the growth of Ti thin films: in figure 8 we show the different tilt angle of the structures for 































































Ti grown by MS-OAD at incidence angles of about 80º, taken from different works in the literature, 
along with the results of the model solved for each experimental condition, with and without HT 
processes. In all the cases, we can check that either the experimental data corresponds to a weak 
plasma regime (ref. [27] and System 1 in ref. [30]), or they match quite well the tilt angle of the 
nanocolumns in the absence of HT processes (ref. [28] and System 2 in ref. [30]). The actual value 
of the density of the films is not known in this latter case, and they could correspond to films grown 
by low energy deposition species or, most likely, by MS-OAD under intense plasma conditions, thus 
clarifying the apparent controversy in the literature concerning the growth of nanocolumnar Ti thin 
films by MS-OAD. Moreover, considering the similar value of the target-to-substrate distance and 
power density, it is also remarkable the similarity between the results of Dervaux et al. in ref. [28], 
and our results under an intense plasma condition in figure 3a.  
To our knowledge, it is the first time that these three growth regimes have been reported, linked to 
kinetic-energy induced relaxation mechanisms and the existence of a weak or an intense plasma. 
These two situations, even if the geometrical arrangement in the deposition reactors is the same, 
lead to rather different film morphologies, implying that film properties might also be quite 
different, e.g. hardness, elastic modulus, etc. [37-39]. While two of these regimes have been 
characterized in terms of atomistic processes, we have demonstrated that the third one is 
associated to the presence of an intense plasma. In our setup we could trigger the transition from a 
weak to an intense plasma growth regime by increasing the power from 25 W to 400 W, although 
in other reactors, it is likely that different power coupling and specific plasma features might induce 
the transition at different values of the electromagnetic power. Moreover, we have also 
demonstrated quantitatively the intrinsic differences between evaporation and magnetron 
sputtering in terms of atomistic processes and plasma effects at room temperature that, to our 
knowledge, were not previously addressed in the literature. As a final remark, it is noteworthy that 
we use the oblique angle configuration because of the strong link existing between atomistic 
processes and the features of the nanocolumnar structures, the latter enhanced thanks to the use 
of a particle collimator. The results obtained herein should be in principle applicable to other 
geometries and configurations as well as to other materials. However, at classical non-oblique 
geometries the morphological changes would be less evident due to the compact structure of the 
films. All these issues could only be fully clarified once the relevant plasma-related mechanism could 
be identified, as well as the atomistic processes governing the film nanostructuration under intense 
plasma conditions, which will be studied in future works.  
































































In this work, we have experimentally analyzed the influence of kinetic energy-induced relaxation 
mechanisms in the network during the growth of Ti thin films when operating at oblique geometries. 
For this purpose, we have deposited different thin films by evaporation and magnetron sputtering 
under similar geometrical arrangements at low temperatures, and analyzed the features of the 
columnar morphology and the film density. With the help of a well-established growth model we 
have found three different growth regimes, each defined by a typical morphology and film density: 
i) low energy deposition, exemplified by the evaporation technique, carried out by species with 
typical energies much below the typical threshold to trigger atomic mobility in the film network, and 
where the morphology and density of the film can be explained by solely considering surface 
shadowing processes, ii) magnetron sputtering under weak plasma conditions, where the film 
growth is mediated by surface shadowing mechanisms and kinetic-energy induced relaxation 
processes in the film network, and iii) magnetron sputtering under intense plasma conditions, where 
the film growth is highly influenced by the plasma, and whose morphology is defined by 
nanocolumns with similar tilt as evaporated films, but with much higher density. The existence of 
these three regimes explains the disparity of morphologies of nanocolumnar Ti thin films grown at 
oblique angles under similar conditions that have been reported in the literature, and that we have 
tested by solving an atomistic growth model. Our results provide a framework to understand the 
influence of kinetic energy-induced relaxation mechanisms and the plasma on the development of 
the film nanostructure. 
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Figure 1.- a) Schematics of the experimental setup. b) Labeled photograph of the experimental 
setup. 
Figure 2.- Cross-sectional images of Ti films grown at 25 W, 100 W, 200 W, 300 W and 400 W along 
with that obtained by evaporation. The average tilt angle of the columnar structures is also 
presented, with an error of ±2º. Note the different scale for the evaporated film. 
Figure 3.- Values of a) the tilt angle of the nanocolumnar structures, and b) the relative density of 
the films, represented as a function of power (dashed line is included to guide the eyes). The 
corresponding values for the evaporated film are depicted on the right. Results of the model, when 
hyperthermal processes are considered or inhibited, are also included as horizontal solid lines.  
Figure 4.- Results of the model introduced in ref. [27], solved for the conditions of this paper, when 
hyperthermal processes are considered (left) and inhibited (right). The value of the tilt angle of the 
resulting nanostructures is also shown. 
Figure 5.- Tilt angle of the nanocolumnar structures as a function of film density. 
Figure 6.- Cross-sectional view of a film grown by magnetron sputtering at oblique angles using a 
power of 100 W, heating up the substrate to 150 ºC (see Table I). 
Figure 7.- a) Deposition rate and b) Ar+ flux towards the film in the conditions described in Table I.  
Figure 8.- Tilt angle of nanocolumnar Ti thin films reported in the literature. We also include the 
values obtained by the model developed in ref. [27], modified for their respective geometrical 
conditions, solved when hyperthermal processes are considered and inhibited. 
 
  
































































Table I.- Value of the electromagnetic power, target potential, current, temperature and other 









































































100 285 0.35 75 
125 286 0.44 80 
150 287 0.52 85 
200 294 0.68 95 
300 307 0.98 110 
400 316 1.26 135 
































































































































































































































































































































































































































































































































































































Page 23 of 23 AUTHOR SUBMITTED MANUSCRIPT - NANO-122114.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
